Substantial effects of boron and phosphorus doping on the kinetics of laser-induced crystallization ͑LIC͒ in hydrogenated amorphous silicon ͑a-Si: H͒ are reported. A kinetic nanoscopic electron-related LIC model that suggests predictions and explanations of observed effects of B and P doping on the LIC temperatures and crystallite size in a-Si: H is presented. The LIC is considered to be the integral effect of a huge number of nanoscale picosecond material reconstructions, each of which is generated by a nanoscopic short-lived ͑picosecond͒ large-energy fluctuation. The LIC in doped a-Si: H occurs at temperatures substantially lower than those found in the crystallization in a furnace. Crystallite size in B-doped a-Si: H is half of that in P-doped and undoped material.
I. INTRODUCTION
In the past, laser-induced phase transition from amorphous to crystalline phase in silicon has been extensively studied by various experimental techniques. [1] [2] [3] [4] The in situ Raman data from laser-heated silicon were reported long ago; 5 in situ ellipsometry monitored the nucleation of microcrystalline silicon ͑c-Si͒. 6 More recently, it has been found that under laser illumination, a high concentration of excited electrons weakens the covalent bond, resulting in a melting transition to a metallic state. 7 The effect of impurities on the crystallization of amorphous silicon has been given a lot of attention due to its industrial applications. Noble gases as well as O and N have been found to retard the growth process. 8 Dopant impurities such as B, P, or As, on the other hand, favor the regrowth of amorphous silicon ͑a-Si͒. [9] [10] [11] [12] The diffusion and the role of impurities in the annealing process have been studied in great detail. A nonequilibrium theory based on short-lived fluctuations has been proposed, 13 but, on the other hand, stress and electric field are the main factors in the impurityinduced regrowth. 9 Under equilibrium conditions, vacancies and interstitials mediate the diffusion mechanism of dopants in Si. 14 A nonequilibrium mechanism explains the enhanced crystallization when amorphous silicon is illuminated by a 600-keV Kr ++ irradiation. 15 A review of the kinetics of solidphase crystallization in a-Si was presented by Olson and Roth, 3 who focused their work on solid-phase epitaxy.
In spite of all the studies, the mechanism and the kinetics of the nonequilibrium phenomena involved in laser-induced crystallization ͑LIC͒ of amorphous materials are not yet fully understood.
Demonstrations of solar cell operation for cells prepared from amorphous or microcrystalline hydrogenated silicon attracted a lot of attention. 14 At the annealing temperatures considered here, most of the hydrogen is gone and, for all practical purposes, we are dealing with hydrogen-free a-Si. 16 One of the main difficulties is associated with the highly nonequilibrium character of the LIC-related phenomena, where traditional methods of thermodynamics and the equilibrium theory are not effective. Some aspects of this problem were discussed in our article on the LIC 17 and on the structural changes induced by cw laser 18 in undoped a-Si: H ͑and in other materials͒. This consideration shows that the LIC includes the following nonequilibrium athermal and thermal phenomena: First, the formation by laser beams of high nonequilibrium electron and hole concentrations, n e and n h ; second, the effect of these high electron and hole concentrations on the nonequilibrium material reconstructions involved in the LIC; third, effects of dopants on the LIC kinetics; fourth, the influence of the effective kinetic temperature of the material irradiated by laser beams. We have suggested a nanoscopic kinetic electron-related model for the consideration of the nonequilibrium phenomena involved in the LIC and the structural changes in undoped amorphous materials at relatively low temperatures. [17] [18] [19] This model, extended here to the description of the LIC in doped a-Si: H, proposes predictions, some of which have been confirmed experimentally. In this letter we present a brief report on recent experimental and theoretical studies on the effects of boron and phosphorus doping on the LIC in a-Si: H. Raman spectroscopy is employed for the experimental study of the LIC in B-and P-doped a-Si: H.
II. DISCUSSION
We shall utilize here some earlier results on the nanoscopic kinetic model applied to various processes and materials. [18] [19] [20] [21] [22] [23] [24] These results suggest the following generic nanoscopic kinetic approach to the nonequilibrium LICrelated phenomena in doped and undoped materials: the observed material changes appear to be the integral effect of a a͒ huge number of nanoscale "elementary" nonequilibrium picosecond events ͑NENEPEs͒, each of which involves atomic and electronic interrelated reconstructions in the metastable amorphous material, driving it to a more stable state related to a lower free energy. Every NENEPE and the related local picosecond material reconstructions are generated by a nanoscopic short-lived ͑picosecond͒ large-energy fluctuation ͑SLEF͒ of a small number N 0 ജ 1 of strongly fluctuating hyperthermal atoms of thermal energy ⑀ up ജ⌬E ӷ kT. [17] [18] [19] [20] [21] [22] [23] [24] A single NENEPE includes diffusionlike hoppings of strongly fluctuating Si atoms over energy barriers ⌬E ӷ kT into new positions during the SLEF lifetime ⌬ =10 −13 −10 −12 s. The hoppings are accompanied by the cutting of some interatomic prehopping bonds of the hopping atoms with its neighbors in the prehopping positions and establishing new ͑electron-mediated͒ bonds with new neighbors after the hoppings. It is assumed that the LIC involves A =5−10 ͑per atom͒ SLEF-induced hoppings of Si atoms. [17] [18] [19] Individual SLEFs create strong local nanoscale lattice distortions that form transient point dynamic defects of picosecond duration and nanometer size. [19] [20] [21] [22] [23] [24] These defects generate the strong electron-lattice interaction that produces ␦n d nonadiabatic downward electron transitions accompanying atomic hoppings. [17] [18] [19] [20] [21] [22] [23] The ␦n d downward electron transitions reduce the hopping activation energy ⌬E = E − ␦n e d ͗⌬e͘, and thus enhance exponentially the hopping probability, which has been calculated from the kinetic consideration of related picosecond SLEF-induced nanoscale nonequilibrium phenomena. Here E is the energy barrier, which should be overcome without the "assistance" of the downward electron transitions ͑i.e., when ␦n d → 0͒; ͗⌬e͘ is the energy reduction per transition. This reduces exponentially the nucleation time The 1% boron impurity concentration should increase T A substantially, due to the following factors: In undoped and doped a-Si: H the temperature T A is determined by ͑a͒ the initial material temperature T, ͑b͒ the laser input energy density per unit of time, and ͑c͒ the heat conductivity that determines the energy fluxes from the volume V L into the "cold" surroundings. The heat conductivity in the undoped material, ae, and the B-doped samples, ae B are determined mainly by those of electron-hole plasma, which are greater than the phonon conductivity. Here ae and ae B depend on related ambipolar diffusivities, ␦ and ␦ B , of the electron-hole plasmas, respectively. In undoped a-Si: H laser-generated mobile electrons and holes of concentrations n e and n h have a rather high ␦ and ae that lead to the temperature T A Ϸ 600 K in V L . 17 Doping by 1% B produces high concentrations, n eB ӷ n e and n hB ӷ n h ͑e.g., n e Ϸ n h Ϸ 10 18 cm 3 and n eB Ϸ n hB Ϸ 10 20 −10 21 thus shortens exponentially the nucleation time t N . Besides, the reduction of E caused by B doping softens slightly the material, and thus reduces a bit the Raman peak frequency. This should cause a small shift of the Raman peak towards lower frequency that is confirmed by measurements ͑Fig. 1 and Table I͒ 16 we find ⌬g TB Ϸ 0.07⌬G T and ⌬G TB Ϸ 0.93⌬G T . Assuming that approximately similar reduction in ⌬G B Ϸ 0.93⌬G is caused by B doping in the LIC in a-Si: H, we find ⌬G B Ϸ 1.62 eV, where we use ⌬G Ϸ 1.75 eV obtained for the LIC in undoped a-Si: H. 17 Taking this value of ⌬G B and T AB Ϸ 770 K one estimates ͓from Eq. ͑1͔͒ t N B Ϸ 0.1 s.
The discussed effects of B doping enable us to make the following "controversial" prediction confirmed experimentally ͑Figs. 1 and 2, Table I͒ and explained below: boron doping, which enhances strongly the LIC rate coefficient
−1 , reduces substantially the size of crystallites compared to that in undoped a-Si: H due to the following arguments. A high density of small Si-crystalline nuclei is formed during a short time interval ͑e.g., during 0.1 s͒ after the beginning of the LIC in B-doped a-Si: H. The further substantial growth of the initial small Si nuclei is prevented by their random orientation and the unfavorable composition of the intercrystallite material, which contains a relatively low Si concentration and a high concentration of impurities. As a result, after insubstantial short-term growth the Si nuclei should cease to grow; similar arguments enable one to expect a substantial reduction of the crystallite size in the thermal crystallization in B-doped a-Si: H. The size of crystallites was measured by the Raman technique, as proposed in Ref. 23 . Table I and in Fig. 2 confirm the above conclusions and show that the size of crystallites in B-doped a-Si: H is about two times smaller than that in undoped a-Si: H. This leads to another observable consequence: the B-doped material contains a relatively large amount of disordered intercrystallite substances, and therefore the Raman spectrum of this material should contain large "tails" related to the disordered material phase. The Raman peak related to the crystalline phase is expected to be not very high and narrow. The experimental data presented in Fig. 1 confirm these expectations.
III. EXPERIMENTAL RESULTS

Experimental data presented in
Our model predicts that contrary to the B-doped material, doping of a-Si: H by 1% of phosphorus should not change markedly the local effective temperature T A and energy E in Eq. ͑1͒ as well as the size of the crystallite compared to the undoped material. This conclusion, confirmed experimentally ͑Figs. 1 and 2, Table I͒ , results from the following factors. 1% P doping enhances considerably the concentration of mobile electrons, but does not change markedly the hole concentration created by laser irradiation. Therefore, the ambipolar diffusivity ␦ P Ϸ ␦ and heat conductivity ae P Ϸ ae of the electron-hole plasma as well as temperature T AP Ϸ T A in the P-doped material are approximately equal to their counterparts in the undoped material ͑Table I͒. In P-doped a-Si: H the Si crystallite size is markedly larger than that of B-doped a-Si: H and comparable to that of undoped a-Si: H ͑Table I and Fig. 2͒ , since P doping produces considerably lower initial crystalline density compared to that in the B-doped material. As a result the initial crystalline nuclei in P-doped a-Si: H, which are separated by greater distances, weakly affect one another before they become rather large. In addition, the intercrystallite substances between the separated nuclei contain a greater amount of silicon needed for the nuclei growth compared to that in B-doped a-Si: H. At the same time, phosphorus doping does not "soften" the material, and thus does not shift markedly the Raman peak, compared to undoped a-Si: H. This conclusion is also in agreement with experimental data ͑Table I and Fig. 1͒ .
The standard model is that in disordered semiconductors, electrical transport occurs between localized states near the Fermi level ͑E F ͒. This transport depends on the electronic density of states, on the position of E F , and on the temperature. [25] [26] [27] A detailed study of the influence of isoelectronic and Coulombic impurities on the entropy on the impurity levels has been proposed 28 based on the Fermi level shift.
The models developed until now calculate the impuritylevel energy or the shift of E F as a function of the impurity type and concentration, under equilibrium conditions. In our model we propose a mechanism which explains how any single atom can overcome the energy barrier when jumping from a given position to a new one, which is more favorable energetically.
In the past this model has been used to explain, among other phenomena, the diffusion of impurities in silicon, 13 the crystallization of amorphous silicon, 16 low-temperature LIC, 17 and structural changes in amorphous materials. 18 
IV. CONCLUSIONS
The following results for the LIC in B-and P-doped a-Si: H are obtained: ͑i͒ The observed LIC is the integral effect of a huge number of nanoscale picosecond thermalathermal atomic and electronic reconstructions towards more ordered material states. ͑ii͒ Boron doping enhances markedly the local LIC temperature in a laser-affected volume compared to that in the LIC in undoped a-Si: H; but this temperature is still substantially lower and the LIC is much faster compared to the furnace crystallizations. ͑iii͒ The LIC in P-doped a-Si: H is much faster than those in the furnace crystallizations and occurs at temperatures markedly lower than those in the LIC in the B-doped material. ͑iv͒ The crystallite size produced by the LIC in B-doped a-Si: H is substantially smaller than that in the P-doped and undoped materials. ͑v͒ B doping shifts the Raman peak towards lower frequencies, whereas P doping does not shift the Raman peak.
